Rhythmic fluctuation in the basipetal movement of auxin occurs in corn (Zea mays) coleoptiles oriented either in the vertical or in the horizontal position. This periodicity of transport rate varies from region to region in a horizontal coleoptile. Between an upper and lower half coleoptile (with respect to gravity), the comparable regions in the coleoptile do not exhibit similar periods. The velocity of transport also varies from region to region along a geostimulated coleoptile. In the upper half coleoptile, the velocities are 29 millimeters per hour
(tip), 8 millimeters per hour (mid), and 30 millimeters per hour (base); in the lower, 41 millimeters per hour (tip), 12 millimeters per hour (mid) and 12 millimeters per hour (base).
During the first 24 minutes of transport, there is a reduction of basipetal movement of 14C-indoleacetic acid in the lower half coleoptile. This may be causally related to the initial downward geotropic curvature in oat and corn coleoptiles reported by others. However, about 30 minutes after donor removal a significant reduction of basipetal transport of indoleacetic acid occurs in the upper half coleoptiles.
Basipetal transport of auxin has rhythmic characteristics (29) , with a periodicity of about 20 min. This pattern could be a result of changes in the velocity of auxin movement in different regions of an intact coleoptile. In a geotropically stimulated coleoptile, there is a lateral difference in the basipetal movement of auxin (7, 20) . In the present investigation, we raise the possibilities that: (a) the rate of basipetal transport of auxin can be also periodic in geotropically stimulated coleoptiles, (b) the period can be out of phase between the two halves of a stimulated coleoptile, and (c) the amplitude of the wave form can be different between the halves. The data presented below confirm these possibilities.
MATERIALS AND METHODS
Planting. Corn (Zea mays cv. Wisconsin hybrid 64A X 22R) were soaked for 2 to 2.5 hr in initially warm water (50 C). The drained seeds were stored for 18 to 20 hr in the dark, in the 1Tfhis work was supported by the United States Atomic Energy Commission and Grant Wl2792 from the National Aeronautics and Space Administration.
cold (4-6 C), and planted on moist Kimpax tissue. They were then exposed for 48 hr to red light (G. E. Ruby Red bulb, fluence rate 400 j,w cm'). The cold treatment increased the uniformity of growth, and the exposure to red light suppressed the elongation of the mesocotyl. At the end of the light exposure, the coleoptiles (about 20 mm) were ready for use. The plants were grown at 25 + 0.5 C and 70 ± 2% relative humidity.
Auxin Transport. A green safelight (30) was used when preparing the transport assemblies. The assemblies were kept in a dark box during the transport period, in the same room used for growth. Coleoptiles were harvested by cutting the shoots from the seedlings and removing the mesocotyls. The coleoptiles were decapitated (removal of the apical 1 mm) and bisected longitudinally between the two vascular bundles (see tissues in Fig. 1 ). The half coleoptiles, with leaves removed, were placed on individual glass slides with their outer epidermis away from or in contact with the slide (Fig. 1) .
The two placements illustrated in Figure 1 simulate the positions of an upper and a lower half of a geotropically stimulated coleoptile. A donor block on a separate glass slide was in contact with the apical (A) end of the coleoptile. (Separate slides were used to avoid seepage from the donor to the glass supporting the tissue.) A thin cover slip was secured in place by the tip of a wire anchored in a plate which supported the entire transport assembly. The transport assembly on the plate was stored in a moist chamber loosely covered with a Saran sheet. Comparable controls consist of assemblies similar to I and II in Figure 1 . Unlike those in Figure 1 , the controls were maintained in an upright position, with the apical end (A) of the tissue uppermost. In data tabulations and discussions, we will use control "upper" to designate an upright assembly I and control "lower," an upright assembly II.
The donor block containing 14C-IAA was applied to the coleoptile for 60 sec then replaced by a block containing cold IAA. The transport assemblies in triplicates were disassembled at 6-min intervals for an experimental period of 60 min. The coleoptile halves were divided into 2-mm sections. Individual sections were dropped into vials containing 15 ml of Liquifluor-toluene-absolute alcohol, 4:71:25. The radioactivity of each vial was determined by counting in a liquid scintillation counter.
14C-2-IAA (49 c/mole, Nuclear Chicago) was purified by chromatography (30) and incorporated into agar (1.5%) blocks. The mean radioactivity in the donor was 95,700 cpm, equivalent to 1.03 nmole of IAA. To ensure that the coleoptile received a statistically significant amount of IAA from the donor within a 60-sec period, the amount of`4C-IAA in the donor was one order of magnitude higher than the cold IAA block. 
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The uptake of 14C-IAA differs between the two transport assemblies. The upper assembly, Fig. 1 , shows a significantly greater uptake by the tissue (Table I) . This difference is not a result of geostimulation, since the control assemblies exhibit a similar trend. This difference arises from different tissue positions on the glass slide. Figure 2 shows a sample of raw data (cpm) and the comparable percentage data (per cent of the total IAA within an entire coleoptile) at the middle and at the end of the transport period. The greater transport (in cpm) by the control "upper" tissue is a consequence of a greater uptake (Table I) . The difference diminishes if the data are expressed as percentage of total uptake. In the geostimulated treatments, conversion to percentage does not change the trend of transport. Hence, to facilitate comparison between and within treatments all data will be expressed as per cent of total IAA uptake by a coleoptile. Also, in the subsequent tables and figures, all the data of the geostimulation treatment (%) will be normalized by using the means of control "upper" and "lower" tissues as reference points. Normalization in no way alters any trend in the data. Figure 2 (geostimulation). Figure 4 expresses the data of Figure 3 calculated as transport rate. Transport rate is a straightforward derivation, i.e. (%12min-% min) . 6(min) = average %/min for that 6-min period. The negative rates shown in Figure 4 could be a result of decrease in auxin exit from the region above, or an increase in exit from the region itself, or the combination. The data in Figure 4 are episodic, a fluctuation that occurs also in the basipetal transport of intact coleoptiles (29 (29), we found that the three ways of -tabulation (valley-to-valley, midarm-to-midarm, peak-topeak) do not differ in the intact corn and oat coleoptiles. In the geostimulated tissues, there is a greater difference in 7 as compared to the controls (Table III) . In a few instances the difference is significant beween regions of the same coleoptile, and within regions of the upper and lower coleoptile in the geostimulation treatment. No such difference exists in the controls. The average 7 is shorter in the geostimulated than in the control. On the whole, the periods found in this study for the half coleoptiles are longer than those for the intact coleoptiles (29) . Figure 5 shows the arrival time of IAA in the various regions of the geostimulated half coleoptiles. The arrival time of IAA in one region of the coleoptile is the time when radioactivity first appeared in that region. The velocity of IAA movement from one region to the next is not constant as indicated by the multiphasic nature of the curves. In the upper half coleoptile, the velocity is greatest in the apical 4 mm, followed by a reduction in the mid, and then a rise in the basal region. 
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In the lower half coleoptile, after a rapid efflux through the apical region, a reduction in velocity continues throughout the remainder of the coleoptile. The velocities for the tip, mid, and base region of the coleoptile are tabulated in (Fig. 4) were also observed in intact coleoptiles of corn and oats (29) , in the wall relaxation of oat coleoptiles (31) , in growth and geotropic response of corn and oats (32) , and in the number of dictyosomes and of mitochondria (29) . The periods tabulated for these various responses are by no means precise. In each instance, measurements were taken at 6-min intervals, and the experiments were carried out for only 60 min. Shorter intervals of measurement and longer durations of experimentation would be highly de- sirable for a more accurate determination of T.
In an earlier paper, we discussed several other cyclic responses in plants that have a period shorter than 1 hr (29) . In recent years, ultradian sustained oscillations in metabolic processes of other organisms have been confirmed (25) . Others have shown that the cyclic production of NADH in cell-free extracts of yeast damps out because of depletion of an endogenous carbohydrate reserve (26) . The oscillations were sustained upon the addition of trehalose. It is possible that in this study and the previous one (29) the rhythmic pattern would continue if a continuous supply of "4C-IAA or sucrose was provided. Indeed, in the work of Hertel and Flory (12) , the coleoptiles were given a continuous source of IAA, and the rhythmic pattern of IAA-exit continued for a longer period (also see Newman, 21) . From the results shown in Tables II  and III and Figure 2 , we infer (a) the periodic fluctuation of IAA transport rate is out of phase between the upper and lower halves of geostimulated coleoptiles (Table III) , and (b) the amplitude of oscillation is smaller in the subapical regions of the upper half coleoptiles (Fig. 2 and Table II) .
The rhythmic characteristics of transport rate observed here are analogous to those found in the movement of NAA in the phototropically stimulated coleoptile (8) . It is likely that many or all of the physiological responses in the biological systems are periodic in nature. The regulator(s) behind these biorhythms, however, still awaits identification (5, 11, 24, 25) .
Variation in Transport Velocity within a Coleoptile. Earlier we noted that the velocity of auxin movement differs in different regions of both the corn and oat coleoptile (29) . We now find that the velocity varies also in a geotropically stimulated coleoptile, being highest in the apical and lowest in the mid region. The rate of cell elongation seems to be inversely related to the velocity of auxin movement (29) . A similar correlation between cell elongation and the rate of auxin transport has also been discussed (16) . The changes in auxin transport velocity in different regions of a coleoptile are in keeping with the concept of hormone action. Auxin, which is synthesized in the tip, is transported rapidly to the subapical growing zone. It is in this zone (mid region) where auxin carries out its function in cell elongation. Hence, it is not unreasonable to expect that the velocity of auxin movement in the growing region would be slower than that in the tip.
The variations in velocity of IAA movement within a coleoptile shown here and earlier (Fig. 5 and Ref. 29) is not analogous to the "fast" and "slow" components of transport re- ported elsewhere (9) . The latter would be more accurately referred to as the components of a high and low rate of auxin transport. These rate components can be observed also in the corn coleoptile system, an initial high followed by a lower rate of efflux (Fig. 3,  § 1 and Fig. 4 , § 1; data in Fig. 4 derived from those in Fig. 3 ). In our study the high rate of transport lasts for 24 min (Fig. 3,  § 1 ) which is reflected in the linear increase of transport rate in Figure 4 , §1, then followed by a near linear decrease in rate. In the sunflower hypocotyl the high rate component had a half-life of 30 min, and the low rate, about 10 hr (9). It has been suggested (9) that the two components of auxin transport could be regulated by two different pools of auxin contained by two membrane systems. It is possible that differential characteristics of these pools contribute to the rhythmic pattern of auxin transport we observed here and earlier (29) . An alternate proposal would be that there is only one population of transportable auxin, and that the membrane system (i.e. the membrane-transport-proteins [23] ) which embodies this population undergoes periodic conformational changes, ul-timately generating a pulsation in the transport of auxin. Proteins and enzymes have been proposed (1, 22, 23) and observed as "transfors" (23) in the active movement of amino acids (3, 15, 17, 38) , ions (6, 19, 27) , and sugars (10, 17, 29, 35) . Rhythmic patterns in enzyme activities have been observed in the plant (2, 18, (36) (37) (38) and in the animal (13, 34) . In some instances, the enzyme rhythms are shorter than 1 hr (2, 5) .
Initial Reduction of Transport in the Lower Half Coleoptile. The lower half coleoptile initially retains more IAA in the tip (Fig. 3,  §1 ). This was observed in all three experiments. The retention period lasts for about 24 to (4) and in corn coleoptiles (14) . This initial positive curvature in corn coleoptiles has been correlated with an initial lateral movement of IAA from the lower to the upper half (14) . It is likely that the downward curvature is also causally related to the initial reduction of the basipetal movement of IAA in the lower half coleoptile.
Greater Over-all Transport in the Lower Half Coleoptile. We initially attempted to slit longitudinally one side of a coleoptile cylinder and unfold the tissue into a flat sheet (7) . Simulation of the upper and lower side of a geotropically stimulated coleoptile would be achieved by differential placement of the outer epidermis with respect to gravity (7). In our hands, the turgid coleoptile fragmented. Hence, in this study, we simulated the upper and lower position of a geostimulated coleoptile by differential horizontal placement of half coleoptiles. Our results on auxin transport are in agreement with the findings that more IAA moves basipetally in the lower half of the horizontal coleoptile (7), beginning at 24 to 30 min after donor application. Hence, the over-all difference in basipetal transport of auxin in a geotropically stimulated coleoptile is not only characteristic of the intact (20) but also of the "sheet" (7) and the bisected coleoptiles (this study). We do not insist that this is the way of auxin movement in a tropistically stimulated organ, but we do believe that this is one means of achieving auxin differentials. Indeed, studies (7) have shown that gravity has a 2-fold effect on auxin transport, inducing a lateral difference in the longitudinal movement and initiating a lateral transport. The two effects are not necessarily interdependent.
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